The kinetics of a reduction of bismuth and tellurium oxides in a hydrogen atmosphere, leading to the formation of thermoelectric bismuth telluride is investigated. The evaluation of the reaction kinetics was based on a thermogravimetric analysis performed in non-isothermal conditions. A non-parametric analysis method and the Friedman method were used for the evaluation of the data. Additionally, for a better understanding of the process, reactions of the reduction of Bi 2 O 3 , TeO 2 as well as Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 , which are formed as intermediate products, were investigated. The activation energies calculated for the reactions were between 56 kJ/mol in the case of the Bi 2 Te 2 O 7 reduction and 100 kJ/mol for the reduction of mixed oxides. No correlation between the activation energy and the Bi:Te ratio in the reduced material was found. The calculated conversion functions also differed between the investigated reactions. A self-heating process was found for TeO 2 and Bi 2 Te 4 O 11 reduction reactions. In the case of the tellurium oxide, it was assigned to the melting of Te nanoparticles. These effects were also found to enhance the synthesis of Bi 2 Te 3 by the reduction of mixed bismuth and tellurium oxides. The resulting thermoelectric material was found to be completely reduced, with no traces of oxygen inthe XPS spectrum. EDX mapping of the cross-section of material's grains revealed a homogenous distribution of elements in the final product.
Introduction
The reduction of metal oxide in reducing atmosphere, typically hydrogen or carbon monoxide, can be used as a method of a production of metals and different intermetallic compounds and composites, e.g. Fe-Ni-Co alloys [1] [2] [3] [4] , Cu-W composites [5] , Co-W and Co-Mo alloys [6] , W-Ag alloys [7] , Ag-Mo composites [8] . The reduction of two or more oxides together can be performed at a lower temperature than the reduction of single oxide [8] . Tuning the temperature of the process allows for the formation of metal-oxide composites [8] or changing the oxidation states in a system with mixed valence states of elements [9] .
It is worth mentioning, that not only the reduction by gaseous agents is investigated. The results of the kinetic analysis of processes using solid reagents have also been published, e.g. [10] . Interestingly, conclusions about the reduction of iron oxide presented therein are in agreement with those obtained for the reduction with carbon monoxide in [11] . Similar mechanisms were found to be limiting the reactioninitially the surface reaction and diffusion through the product layer during further process. The calculated activation energies were also in good agreement. In thermite-type reactions, metals are used as reducing agents in high temperature processes. A huge amount of released heat makes these reactions self-propagating [12] .
The oxide reduction method has been used to synthesize bismuth telluride-based materials by several research groups [13] [14] [15] [16] [17] [18] [19] [20] . An oxide material for the reduction can be prepared e.g. by co-precipitation of oxides [13] [14] [15] , allowing for a synthesis of nanostructured material [15] . Kim et al. [21] found, that the treatment of Bi 2 (Te,Se) 3 with hydrogen after mechanical alloying decreases the amount of oxygen in the material and enhances its thermoelectric properties.
In order to understand the mechanisms of the chemical reaction, in this case a reduction of oxides leading to the formation of bismuth telluride, evaluation of its kinetics is necessary. The kinetics of chemical reactions is expressed by an equation for the rate r of the reaction, which is a change of reaction extent α (hereinafter also referred to as conversion) in time -Eq. (1) [22] .
In Eq. (1) T is temperature, f is a function depending on the processes limiting the rate of the reaction and k is the rate constant. The rate constant is described by Eq. (2), where A is the frequency factor, E is the activation energy and R is the gas constant.
The mechanisms and the kinetics of the reduction of metal oxides with hydrogen have been investigated since the 19 th century, see [23] and the references therein. Thermogravimetric analysis is often used for the investigation of these reactions [5] . A complete analysis requires evaluation of A, E, and f from Eqs. (1) and (2) . Function f can be fit to a set of different models derived for different mechanisms limiting the reaction rate [24] . These functions are calculated with simple geometrical models of the reactants' particles [25] or other simplifying (such as one nucleus of new phase per each grain) [26] assumptions, or even reaction order models, relevant for homogenous reactions. Using the fitting procedure only is not sufficient for the description of the phenomena driving the reaction. Additional analysis of the structure of the investigated material can provide insight into the complexity of the reaction mechanisms, e.g. in [27] a hierarchical structure of the reacting material was found.
The Kinetics of the reduction of mixed bismuth and tellurium oxides hasn't been investigated yet. Moreover, no research considering the reaction of only TeO 2 with hydrogen was performed. In this study, the kinetics of bismuth telluride synthesis by bismuth and tellurium mixed oxides reduction in hydrogen is investigated. For a better understanding of the process, a similar analysis of the reduction of both bismuth and tellurium oxide, as well as double bismuth tellurium oxides (Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 ), is performed. In order to compare the reduction of the mixture with the reduction of single oxides, a thermogravimetric analysis of a bismuth oxide powder in a hydrogen atmosphere was also performed. This reaction has previously been investigated [28] [29] [30] . In order to obtain data for the comparison, measurements were performed with the Bi 2 O 3 powder used in this study. The results are presented in Supplementary Information, Figs. S9-S12.
Material and methods

Experimental
The different oxide materials used in this study were crystalline with submicrometre grain size. The materials used as substrates of the investigated reactions were commercial Bi 2 O 3 (ACROS 99.9%) and TeO 2 (ACROS 99+%). The oxides were milled in a planetary mill with 600 rpm rotation speed for 20 h. Fritzch Pulverisette 7 with zirconia bowls and zirconia balls with a 3 mm diameter were used (ball/powder ratio ca. 5:1). Isopropyl alcohol was added to the powders. In order to investigate the reduction of mixed bismuth and tellurium oxides, the milled powders were mixed in a 1:3 (Bi 2 O 3 :TeO 2 ) molar ratio in a planetary mill, with a significantly lower speed (100 rpm) in order to avoid further decreasing of grains' size. Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 double oxides were separately synthesised via solid state reaction, at 450 and 500°C respectively, from the single oxides, and ball-milled using the procedure described above. Additionally, a mixture of Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 (1:1 M ratio) was prepared by melting bismuth and tellurium oxides at 950°C in the open air in order to provide good dispersion. The material was also milled with the same procedure as the other oxide materials.
SEM images of all oxide materials used in this study are presented in Supplementary information, Figs. S1-S3, S5, and S7. Additionally, for double oxides, XRD patterns are provided (Figs. S4, S6).
The kinetics of the reactions was investigated with thermogravimetric analysis in a hydrogen (99.999%) atmosphere, under a 160 cm 3 / min flow rate, using a self-made apparatus, described in our previous paper [30] . The TGA measurements of the reduction of TeO 2 and a mixture of Bi 2 O 3 and TeO 2 were performed in non-isothermal conditions, with constant heating rates 2-6 K/min. Measurements were performed every 5 s. Additionally, in order to evaluate the structure of the material at different stages of the reaction, the process was interrupted at particular moments by rapid cooling and gas exchange to nitrogen.
The phase composition of the fabricated materials was investigated by using the X-ray diffraction method (XRD) using an X'Pert Pro MPD Philips diffractometer with Cu Kα (1.542 Å) radiation at room temperature. The measurements were performed in a 2Ɵ range of 20-70°w ith a 0.025°step and 1 s step time. The morphology of the fabricated materials was observed using an FEI Quanta FEG 250 Scanning Electron Microscope (SEM) with a secondary electrons detector. Elemental analysis was performed with energy dispersive X-ray spectroscopy using an EDAX Genesis APEX 2i with the ApolloX SDD spectrometer. Xray photoemission spectroscopy (XPS) analysis was performed in a multi-chamber ultrahigh vacuum system (Omicron nanoTechnology), at room temperature under a pressure below 1.1 × 10 −9 mBar. The photoelectrons were excited by an Mg-Kα X-Ray anode operated at 15 keV and 300 W. An Omicron Argus hemispherical electron analyser with a round aperture of 4 mm was used for the analysis of the emitted photoelectrons. Measurements were carried out in a constant analyser energy (CAE) mode with pass energy equal to 50 eV. The binding energies were corrected using the background C1s line (285.0 eV) as a reference. The XPS spectra were analysed using a Shirley background subtraction and Gaussian-Lorentzian curve. To remove contaminations and oxides, the surface was etched with Ar ions before the measurement.
The reaction extent α values were calculated on the basis of TGA results according to Eq. (3), where m 0 is the initial mass of the material, m is the measured mass and m ox is the mass of the oxygen atoms in the starting material.
The obtained α values were smoothed using a moving average with a window of 15 measurement points. An example of raw and smoothed data is presented in Supplementary Information, Fig. S8 . The TGA data are presented in Supplementary Information, in the sections regarding particular reactions, Figs, S9, S13, S15, S19, S22, S23.
Kinetic data analysis methods
Considering a reaction which can be described with Eqs. (1) and (2), the assumption that E and f are dependent only on α can be made. Then, the Arrhenius relation can be used to calculate the values of the activation energy for different reaction extent values. Eq. (1), with k taken from Eq. (2), is logarithmised, leading to Eq. (4).
Taking measurement data from several measurements in different thermal conditions, the activation energy for any given α can be calculated from the slope of the linear dependence of lnr on 1/T (taking r and T measured at the same moment when the given α). This procedure, known as the isoconversional Friedman method, was performed with Kinetics2015 software. The Friedman method was selected because it allows for a calculation of the activation energy at different stages of the investigated process (if the assumptions are fulfilled). It also directly uses basic kinetic Eqs. (1) and (2) .
Another data analysis method used in this study is based on the assumption, that the reaction rate can be described by independent functions f(α) and h(T), the latter describing the dependence of the reaction rate on the temperature, according to Eq. (5) .
In the case of n parallel reactions, Eq. (5) has the form of Eq. (6) . Following this assumption, a matrix R consisting of the r pq values of the reaction rates is constructed. Indexes p and q correspond to different α and T values. Performing singular value decomposition (SVD) on the matrix R returns a number (n) of u n , s n , and v n T sets, fulfilling Eq. (7) .
When the kinetic data are considered and consecutive p and q indexes respectively correspond to consecutive α and T values, each set (n = 1, 2, ...) of u n , s n , and v n T can be recalculated, according to Eqs.
(8.1) and (8.2), resulting from Eqs. (6) and (7), into vectors f n and h n , which are values of functions f n (α) and h n (T).
a n is an arbitrary number. This is a non-parametric method of kinetic analysis (NPK), as it returns values of functions rather than parameters of equations. A detailed description of this procedure can be found elsewhere [31] . Briefly, due to the fact, that the data from the 5 nonisothermal measurements do not cover the whole α-T plane, the range covered by the experimental values was divided into several overlapping submatrices. Consecutive p indexes were corresponding to values of α differing by 0.1% and q indexes to values of T differing by 0.1 K. The missing values of the submatrices were estimated by a cubic interpolation algorithm. In the case of all analyses performed in this work, only the first pair of vectors f and h from each submatrix was considered. For all analysed data sets, the second and next h vectors had both negative and positive values, which makes them have no physical meaning. The s 1 values were at least an order of magnitude higher than s 2 (in SVD always s n > s n+1 ). The results of the SVD procedure for each submatrix were normalised, by choosing appropriate values of a for each submatrix, in order to provide continuity of functions f(α) and h(T) in the whole ranges of the reaction extent and temperature.
Results and discussion
TeO 2 reduction
The reduction of tellurium oxide was investigated with thermogravimetric analysis with different constant heating rates. The results in a derivative form (reaction rate) are plotted against the reaction extent and temperature in Fig. 1 and Fig. 2 respectively. As can be seen in the Figures, the reaction consists of two overlapping parts. During the first one, the dependencies of the reaction rate on conversion are similar for different heating rates. Reaction rate changes are dependent on the reaction extent, so the isoconversional principle can be applied.
During the second part, starting at about a temperature of 700 K, changes in the rate are dependent on the temperature rather than on α. Moreover, this temperature-dependent process is interfering with liquid tellurium evaporation, manifesting itself in mass changes above 100% of the expected reaction, increasing with the temperature. The melting point of tellurium is equal to 723 K and, in this case, can be even lower due to the nanometric size of Te particles [32] .
The calculated activation energy values are presented in Fig. 3 . The obtained values can be considered as real below 32% of the conversion degree (where the second part of the reaction starts for 6 K/min heating rate). Above the 32% limit, the increase in the reaction rate (for a given α value) is observed firstly for higher temperature (higher heating rate) measurements. Consequently, the Arrhenius relation returns higher values of E. A further decrease, starting at 67% of conversion, is related to the fact, that for high reaction extent values, calculated according to Eq. (3), the mass changes result from evaporation only at high temperatures (high heating rates), while for low temperatures the reduction is still proceeding and the mass changes are faster.
Non-parametric analysis was also performed, in order to obtain the conversion function f. Moreover, this method of analysis does not use the dependence on the reaction extent, as the Friedman method does. Therefore, the non-parametric method is useful for processes in which changes of mechanisms are dependent on temperature rather than on the conversion, according to the Eq. (5). The calculated thermal function h(T) will ideally show a change in the activation energy at the temperature of the mechanism change. The obtained values of h(T) and f(α) are presented in Fig. 4 and Fig. 5 . The thermal function shows activation behaviour up to the temperature of 700 K, corresponding to the upturn in the reaction rate. The calculated activation energy value of (69.2 ± 0.2) kJ/mol is in agreement with the isoconversional analysis results. In the case of non-parametric calculations, the uncertainty of the activation energy is calculated on the basis of a deviation of a linear regression parameter.
Above a temperature of 700 K, the slope of the Arrhenius plot corresponds to the activation energy as high as 503 kJ/mol. This is an unexpected result, considering the significant increase in the reaction rate. The effect of the increased value of the function h can be a consequence of a rapid release of heat in an exothermal reaction -enthalpy at 700 K ΔH=-201 kJ/mol (liquid product) and ΔH=-218 kJ/mol (solid product) -resulting in locally increased temperature.
Calculated values of function f(α) are presented in Fig. 5 (blue curve). These values nearly form a straight line, so the first order reaction equation can be used to describe the dependence.
The temperature, in which the upturn in the reaction rate occurs, varies between measurements, from 696 K (6 K/min) to 704 K (2 K/ min). This correlation between the characteristic temperature and heating rate, suggests, that the variation of the upturn temperature is a result of a delay of its measurement, resulting from the measurement being done below the crucible. The effect is not related to the mechanisms and kinetics of the process. Another slight enhancement is also visible close to the tellurium melting point, 723 K, see inset in Fig. 3 . In order to explain the phenomenon of the rapid increase in reaction rate at about 700 K, two reactions were performed and interrupted at 670 (heating rate 2 K/min) and 720 K (6 K/min). XRD measurements performed on these materials showed only the presence of Te and TeO 2 phases. The XRD patterns are provided in Supplementary  Information, Fig. S14 . SEM images of partially reduced powder are presented in Fig. 6 . Small particles with a 50-200 nm diameter range are visible. EDX point analysis of the smaller particles revealed a high Te:O atomic ratio, in the range of 3.5 -3.8. When the beam was focused on large particles, that ratio was equal to 1.2 -2.2. Considering the large volume of the material measured with this technique, the smaller particles can be identified as tellurium. The calculated melting point of such particles is close to 700 K [32] . Therefore, the increase in the reaction rate can be explained by the enhanced catalytic activity of liquid tellurium or the faster diffusion of the gaseous species through the liquid tellurium phase, comparing to the solid phase. This increase in the reaction rate leads to faster heat release and initiates a self-propagating process. The abovementioned heat of the reaction (per one mole) is equal to the heat necessary to heat one mole of Te plus one mole of TeO 2 to the temperature of about 2000 K (thermodynamic data from HCS Chemistry 9 package). Therefore, the reaction can be considered as self-propagating because the requirement for the adiabatic temperature [33] is fulfilled.
Reduction of bismuth and tellurium double oxides
In the Bi-Te-O system, double oxides (Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 ) are easily formed [34] . These phases were identified during the reduction of mixed Bi 2 O 3 and TeO 2 oxides. Therefore, the reduction of double oxides was investigated.
The dependence of the reaction rate of Bi 2 Te 2 O 7 reduction on the reaction extent, presented in Fig. 7 , shows a similar character for different heating rates. The temperature dependence of the reaction rate is available in the Supplementary Information, Fig. S16 . The activation energy, calculated with the non-parametric method, was found to be constant through almost the whole temperature and conversion range with a value of (55.9 ± 0.4) kJ/mol. Only at the beginning of the process, for α below 0.2, the energy was higher, indicating an autocatalytic mechanism. A plot of the h(T) function as well as the results of the isoconversional analysis, which are in a good agreement, can be found in Supplementary Information (Figs. S17 and S18). The lack of any characteristic temperature, at which a significant change of a course of the reaction occurs (such as for TeO 2 ), indicates that, in the experimental thermal conditions, the reaction mechanisms are dependent on the reaction extent rather than the temperature. Conversion function f(α) derived from non-parametric analysis, plotted in Fig. 5 (red curve) , also shows different behaviour at the beginning of the reaction. A small upturn occurring at about 20% conversion is a result of imperfect matching of the results of the SVD of the submatrices. The second part has a maximum at around 50% of the reaction extent. This is typical for Avrami-Erofev functions derived for nucleation-growth controlled reactions [22] . The rate of the Bi 2 Te 4 O 11 reduction shows a strong dependence on the temperature, presented in Fig. 8 . The first local maximum of the reaction rate arises between 620 and 650 K. The comparison of different reactions with similar heating rates (Figs. S27-S31 in the Supplementary Information) shows that the first reaction rate maximum is nearly at the same temperature as that of the Bi 2 Te 2 O 7 reduction, especially for low heating rates. Bi 2 Te 4 O 11 forms a layered structure consisting of Bi 2 Te 2 O 7 layers and tellurium oxide layers [35, 36] . It can be concluded, that the reduction of Bi 2 Te 4 O 11 is initially the reaction of the Bi 2 Te 2 O 7 substructure in the lattice. The onset temperature of the main maximum is between 658 and 672 K. There is no correlation between this temperature and the heating rate.
Non-parametric analysis of the Bi 2 Te 4 O 11 reduction data returned thermal function h(T) similar to that from the TeO 2 reduction. The result is provided in Supplementary Information, Fig. S20 . For the slower part of the reaction, the Arrhenius course (linear plot in lnrvs 1/ T coordinates) was found. For the second part, the values seemed to be overestimated. The activation energy calculated for the first part of the process was equal to (57.0 ± 0.6) kJ/mol, close to that of Bi 2 Te 2 O 7 reduction. Additionally, in this part of the reaction, the results obtained with isoconversional analysis are, within uncertainty range, close to 57 kJ/mol. The appropriate plots can be found in Supplementary  Information (Figs. S20 and S21) . Additionally, the reduction of a mixture of the double oxides (Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 ) with 2:3 Bi:Te molar ratio was investigated. In order to provide good dispersion of the mixture constituents, the oxide material was obtained from a melt. The double oxide mixture was reduced similarly to its components. For each heating rate, two maxima are found in the reaction rate dependence. The temperatures, in which they occur, are similar to those of Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 reduction (see the comparison in Supplementary Information, Figs. S27-S31 ).
Reduction of mixed Bi 2 O 3 and TeO 2
Structural transformations during the reaction
The structure of the powder during the reaction was investigated by interrupting the process, performed with a 3 K/min heating rate, at particular moments. SEM images of the partially reduced powders are presented in Fig. 9 . It can be noticed, that up to 80% of the reaction extent, the grains have not grown significantly. At the end of the process, the grains' sizes change from hundreds of nanometres to few micrometres and platelets typical for Bi 2 Te 3 are visible. It can be concluded, that the presence of different phases, in this case oxides, prevents bismuth telluride grains from growing.
XRD measurements were performed on partially reduced samples. The results of the XRD measurements of samples with 10%, 35%, and 80% of conversion are provided in Supplementary Information, Figs . S24-S26 together with the reference data. In the case of 10% of the reaction, starting oxides can be identified. Interestingly, a BiO 2 phase, with a higher bismuth oxidation state, was also found. In the material after 35% of reduction, bismuth telluride was detected together with bismuth oxide and tellurium oxide. After 80% of the process, which was reached in the last, faster part of the process, bismuth and tellurium double oxides, Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 , were identified in the material. The Bi 2 Te 4 O 11 phase was found in its stable monoclinic structure [34] .
Elemental analysis was performed on the material obtained during a reduction with a 4 K/min heating rate. Fig. 10 shows a cross-section of bismuth telluride grains embedded in an epoxy resin and maps of the concentration of elements obtained with the EDX method. The maps show a uniform distribution of the elements in the grains. The atomic ratio Bi:Te, calculated for the areas, where these elements were found, is equal to 0.608 ± 0.033. The value is close to the 0.667 expected for stoichiometric Bi 2 Te 3 . An almost total lack of oxide confirms that the material has been successfully reduced.
The same material was investigated with XPS spectroscopy. Prior to the measurement, the surface of the material was etched with Ar ions in order to remove any adsorbed species and the grains' surface oxidised in the air. No maxima corresponding to oxygen were found in the survey spectrum. The high resolution spectra for Bi4f and Te3d regions are presented in Fig. 11 . Two peaks at 157.2 eV and 162.6 eV, corresponding to Bi4f 7/2 and Bi4f 5/2 , are visible in the Bi4f region. A doublet with peaks at 572.0 eV and 582.3 eV is attributed to Te3d 5/2 and Te3d 3/
Kinetic analysis
The reaction rate of the reduction of the mixed oxides is plotted versus the reaction extent in Fig. 12 . Again, an increase in the reaction rate is visible in the final stage.
In order to determine the mutual influence of the oxides on their reduction behaviour before the increase of the reaction rate, data obtained for the same heating rate (2 K/min) for different materials were plotted in Fig. 13 . Similar dependencies were found for experiments with other heating rates. The reaction rate for tellurium oxide was corrected by a factor of 2/3 (which is related to the amount of oxide bound with Te in the oxide mixture). The data for bismuth oxide was corrected by the factor of 1/3. A sum of the two latter reactions is presented with a black line. It shows different behaviour than the actually measured process, proving a mutual influence of the reactants on the reduction. It can be noticed, that the reduction of mixed oxides is slower than that of bismuth oxide only. This may be a result of the decreased surface area available for the reaction. The temperature region in which the reaction starts to accelerate is presented in Fig. 14. The exact temperature for measurements with 4, 5 and 6 K/min heating rates is similar to that observed for the reduction of TeO 2 . In the case of the 2 K/min measurement, the temperature, in which the faster step begins, is nearly the same as for Bi 2 Te 4 O 11 reduction, and for 3 K/min is in between. Therefore, it can be concluded, that for low heating rates, the longer duration of the process allows for the formation of the double oxides. Consequently, in this case, the mechanisms of the reduction process should be similar to those of the reactions of double oxides. This is in agreement with the XRD results, revealing the presence of the double oxides during the reduction process. In the case of high heating rates, the reduction starts faster in terms of time and lasts a shorter time, which prevents double oxide synthesis.
Unexpectedly, the non-parametric analysis returned constant activation energy of the reduction of the mixed oxides across the whole temperature range, equal to (91.1 ± 0.2) kJ/mol. The exothermal effect is not as strong as for TeO 2 or Bi 2 Te 4 O 11 due to the higher bismuth concentration (in the form of Bi 2 O 3 or Bi 2 Te 2 O 7 ). Therefore, the plot of the h(T) function in Arrhenius coordinates remains linear (see Fig. S32 in the Supplementary information). However, the activation energy is higher than for all other investigated materials. Moreover, the evaluated function f (black curve in Fig. 5 ) also differs from those obtained for the constituents of the reaction mixture.
In this case, the results of the isoconversional analysis, presented in Fig. 15 , are more reliable. For up to 70% of the conversion, the values are similar to those obtained for single bismuth and tellurium oxides, 70-80 kJ/mol. After that, the activation energy decreases, reaching about 50 kJ/mol, which is close to the value found for double oxides reduction.
Conclusions
The kinetics of the hydrogen reduction of mixed Bi 2 O 3 and TeO 2 oxides, leading to the formation of thermoelectric material Bi 2 Te 3 , was investigated. For a better understanding of the results, a similar analysis was also performed with bismuth and tellurium oxide, Bi 2 Te 2 O 7 and Bi 2 Te 4 O 11 double oxides.
The reduction of TeO 2 in the investigated temperature range has two steps. The first one can be described by the first-order reaction equation with activation energy equal to 69 kJ/mol. The second step starts at a temperature of about 700 K and is much faster than the first. Nanoparticles of the formed tellurium melt at this temperature, enhancing the reaction. Moreover, the heat released during the fast reduction locally increases the temperature, also speeding up the process.
The reduction of Bi 2 Te 2 O 7 has an autocatalytic behaviour, indicated by the high activation energy, over 150 kJ/mol, at the beginning of the process, which then decreases to 56 kJ/mol. A change of the reaction mechanism was also noticed in the results of the kinetic analysis. The dependence of the reaction rate on conversion is similar to the model derived for nucleation and growth controlled reactions.
The Bi 2 Te 4 O 11 reduction is separated into two steps, determined on the basis of the existence of two maxima in the reaction rate over the reaction extent plot. The first reaction rate maximum seems to be related to the reduction of the Bi 2 Te 2 O 7 substructure. The second maximum, as with TeO 2 reduction, causes a strong exothermal effect. However, its onset temperature is lower than for the tellurium oxide reaction.
Finally, the reduction of mixed bismuth and tellurium oxides was analysed. In the beginning, the reaction was slower, than it could be expected on the basis of the Bi 2 O 3 reduction. This was assigned to the smaller surface area available for the hydrogen. More significant differences between single and mixed oxides reactions were found in the second, faster part of the process. It was noticed, that for low heating rates double oxides are formed. Thus, the reaction accelerates at the temperature corresponding to Bi 2 Te 4 O 11 reduction acceleration. In the case of high heating rates, there is no time enough for the synthesis of this phase. Therefore, the initiation of the second step occurs in the temperature characteristic for TeO 2 . SEM imaging of partially reduced material showed, that there is no significant growth of grains until the end of the process.
Investigation of the reduction process in a multi-component oxide system shows, that a good understanding requires considering many factors -the initial state of the substrates (e.g. the grain size), phase transformations (melting and evaporation), catalytic effects and released heat. The evaluation of the reaction mechanisms is helpful in adjusting the parameters of the process.
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